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Abstract
The production of J/ψ mesons in proton-proton collisions at a centre-of-mass energy
of
√
s = 13 TeV is studied with the LHCb detector. Cross-section measurements
are performed as a function of the transverse momentum pT and the rapidity y of
the J/ψ meson in the region pT < 14 GeV/c and 2.0 < y < 4.5, for both prompt
J/ψ mesons and J/ψ mesons from b-hadron decays. The production cross-sections
integrated over the kinematic coverage are 15.30±0.03±0.86µb for prompt J/ψ and
2.34±0.01±0.13µb for J/ψ from b-hadron decays, assuming zero polarization of the
J/ψ meson. The first uncertainties are statistical and the second systematic. The
cross-section reported for J/ψ mesons from b-hadron decays is used to extrapolate to
a total bb¯ cross-section. The ratios of the cross-sections with respect to
√
s = 8 TeV
are also determined.
Submitted to JHEP
c© CERN on behalf of the LHCb collaboration, licence CC-BY-4.0.
†Authors are listed at the end of this paper.
ar
X
iv
:1
50
9.
00
77
1v
3 
 [h
ep
-ex
]  
4 N
ov
 20
15
ii
1 Introduction
The study of heavy quarkonium production in pp collisions provides important information
on both the perturbative and the non-perturbative regimes of quantum chromodynamics
(QCD). Heavy quarkonium production can be described in two stages. The first is the short-
distance production of a heavy quark pair, QQ, which can be described perturbatively and
the second is the non-perturbative hadronisation of the heavy quark pair into quarkonium
state, such as the J/ψ meson. The non-perturbative part cannot yet be determined reliably,
and must be determined using experimental results. After almost forty years of theoretical
and experimental efforts, the hadronic production of quarkonia is still not fully understood.
In the colour singlet model (CSM) [1–7], the intermediate QQ state is assumed to be
colourless, and has the same JPC quantum numbers as the final-state quarkonium. In
the non-relativistic QCD (NRQCD) approach [8–10], all viable colour and spin-parity
quantum numbers are allowed for the intermediate QQ state, and each configuration is
assigned a probability to transform into the specific quarkonium state. The transition
probabilities are described by universal long-distance matrix elements (LDME) determined
from experimental data.
In pp collisions, J/ψ mesons can be produced directly from hard collisions of partons,
through the feed-down of excited charmonium states, or via decays of b-flavoured hadrons.
The first two sources are collectively referred to as prompt J/ψ production, while the third
process is referred to in the following as “J/ψ -from-b”.
The J/ψ differential production cross-section has been measured with LHC data in
pp collisions at centre-of-mass energies of 2.76 TeV [11,12], 7 TeV [13–17], and 8 TeV [18].
Next-to-leading order CSM calculations [19,20] give a better description of the experimental
data than leading order (LO) calculations at high J/ψ transverse momentum (pT/c >
M(J/ψ )). However, CSM calculations still underestimate the prompt J/ψ production
cross-section. On the other hand, NRQCD calculations with LDME determined from CDF
data [21] describe well the pT dependence of the prompt J/ψ cross-section at both the
Tevatron [22, 23] and the LHC experiments [24–26]. The measured J/ψ -from-b production
cross-section and its dependence on pT at the LHC are in good agreement with predictions
from fixed order plus next-to-leading logarithms (FONLL) [27] calculations.
The J/ψ polarisation was measured by the ALICE [28], CMS [29] and LHCb [30]
collaborations in pp collisions at
√
s = 7 TeV. The measurements by ALICE were performed
for inclusive J/ψ meson production, while CMS and LHCb disentangled prompt J/ψ and
J/ψ -from-b mesons. Next-to-leading order CSM calculations predict a large longitudinal
polarisation of the J/ψ meson [31], while NRQCD calculations predict a large J/ψ transverse
polarisation at high pT [32–35]. Neither prediction is supported by experimental results [28–
30,36–39].
This paper reports J/ψ cross-section measurements in pp collisions at
√
s = 13 TeV
in the J/ψ kinematic range pT < 14 GeV/c and 2.0 < y < 4.5, using J/ψ decaying to
µ+µ− final states. Under the assumption of zero J/ψ polarisation (see Sec. 5 for detailed
discussion), the following quantities are measured: the double differential cross-sections
as a function of pT and y; the integrated production cross-sections for prompt J/ψ and
1
J/ψ -from-b; the bb production cross-section; and the ratio of cross-sections with respect to
the J/ψ cross-sections in pp collisions at
√
s = 8 TeV previously measured by LHCb [18].
2 The LHCb detector and data set
The data used in this analysis come from pp collisions at
√
s = 13 TeV, collected by
the LHCb detector in July 2015, with an average of 1.1 visible interactions per bunch
crossing and correspond to an integrated luminosity of 3.05 ± 0.12 pb−1. The LHCb
detector [40,41] is a single-arm forward spectrometer covering the pseudorapidity range
2 < η < 5, designed for the study of particles containing b or c quarks. The detector
includes a high-precision tracking system consisting of a silicon-strip vertex detector
surrounding the pp interaction region, a large-area silicon-strip detector located upstream
of a dipole magnet with a bending power of about 4 Tm, and three stations of silicon-
strip detectors and straw drift tubes placed downstream of the magnet. The tracking
system provides a measurement of momentum, p, of charged particles with a relative
uncertainty that varies from 0.5% at low momentum to 1.0% at 200 GeV/c. Different types
of charged hadrons are distinguished using information from two ring-imaging Cherenkov
detectors. Photons, electrons and hadrons are identified by a calorimeter system consisting
of scintillating-pad and preshower detectors, an electromagnetic calorimeter and a hadronic
calorimeter. Muons are identified by a system composed of alternating layers of iron and
multiwire proportional chambers [42].
The online event selection consists of a hardware stage, based on information from the
calorimeter and muon systems, followed by a software stage, which performs J/ψ candidate
reconstruction. The hardware trigger selects events with at least one muon candidate with
transverse momentum pT > 0.9 GeV/c. In the first stage of the software trigger, two muon
tracks with pT > 500 MeV/c are required to form a J/ψ candidate with invariant mass
M(µ+µ−) > 2.7 GeV/c2. In the second stage, J/ψ candidates with good vertex fit quality
and invariant mass within 150 MeV/c2 of the known value [43] are selected.
This analysis benefits from a new scheme for the LHCb software trigger introduced
for LHC Run 2. Alignment and calibration is performed in near real-time [44] and
updated constants are made available for the trigger. The same alignment and calibration
information is propagated to the oﬄine reconstruction, to ensure consistent and high-
quality particle identification information for the trigger and oﬄine. The larger timing
budget available in the trigger with respect to LHC Run 1 also results in the convergence
of the online and oﬄine track reconstruction, such that oﬄine performance is achieved in
the trigger. The identical performance of the online and oﬄine reconstruction achieved
in this way offers the opportunity to perform physics analyses directly using candidates
reconstructed in the trigger [45]. The storage of only the triggered candidates enables a
reduction in the event size by an order of magnitude. The analysis described in this paper
uses the online reconstruction for the first time in LHCb, and is checked the against the
standard oﬄine reconstruction chain.
Simulated samples are used to evaluate the J/ψ detection efficiency. In the simulation,
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pp collisions are generated using Pythia 6 [46] with a specific LHCb configuration [47].
Decays of hadronic particles are described by EvtGen [48], in which final-state radiation
is generated using Photos [49]. The prompt charmonium production is simulated in
Pythia with contributions from both the leading order colour-singlet and colour-octet
contributions [47,50], and the charmonium is generated unpolarised. The interaction of the
generated particles with the detector, and its response, are simulated using the Geant4
toolkit [51] as described in Ref. [52].
3 Selection of J/ψ candidates
The J/ψ candidates are selected in the second step of the software trigger. Each event
is required to have at least one primary vertex (PV) reconstructed from at least four
tracks found by the vertex detector. For events with multiple PVs, the PV which has
the smallest χ2IP with respect to the J/ψ candidate is chosen. The χ
2
IP is defined as the
change of the primary vertex fit quality when the J/ψ meson is excluded from the PV fit.
Each identified muon track is required to have pT > 0.7 GeV/c, p > 3 GeV/c, and to have a
good quality track fit. The muon tracks of the J/ψ candidate must form a good quality
two-track vertex. Duplicate tracks created by the reconstruction are suppressed to the
level of 0.5× 10−3.
The reconstructed vertex of the J/ψ mesons originating from b-hadron decays tends to
be separated from the PVs, and thus these can be distinguished from prompt J/ψ mesons
by exploiting the pseudo decay time defined as
tz =
(
zJ/ψ − zPV
)×MJ/ψ
pz
, (1)
where zJ/ψ − zPV is the distance along the beam axis between the J/ψ decay vertex and
the PV, pz is the z-component of the J/ψ momentum, and MJ/ψ the known J/ψ mass [43].
The J/ψ candidates with |tz| < 10 ps, corresponding to less than 7 times the b-hadron
lifetime, are selected for the fits to the tz distribution. To further select good J/ψ candidates,
the uncertainty on tz, which is propagated from the uncertainties provided by the track
reconstruction, is required to be less than 0.3 ps.
4 Cross-section determination
The double differential J/ψ production cross-section in each kinematic bin of pT and y is
defined as
d2σ
dydpT
=
N(J/ψ → µ+µ−)
Lint × εtot × B(J/ψ → µ+µ−)×∆y ×∆pT , (2)
where N(J/ψ → µ+µ−) is the yield of prompt J/ψ or J/ψ -from-b signal mesons, εtot is
the total detection efficiency in the given kinematic bin, Lint is the integrated luminosity,
B(J/ψ → µ+µ−) = (5.961± 0.033)% [43] is the branching ratio of the decay J/ψ → µ+µ−
3
and ∆pT = 1 GeV/c and ∆y = 0.5 are the bin widths. The measurements are restricted to
pT < 14 GeV/c due to limited data at higher transverse momenta.
The absolute luminosity is determined from the beam profiles and beam currents.
The beam profiles and their overlap integral are measured using a beam-gas imaging
method [53, 54], where neon is injected into the beam vacuum around the interaction
point. The beam currents are measured by LHC instruments, which determine the bunch
population fractions and the total beam intensity. Furthermore, information on beam-gas
interactions not originating from nominally filled bunch slots is used to determine the
charge fraction not participating in bunch collisions. The integrated luminosity for this
analysis is calibrated using the number of visible pp interactions measured during the
beam-gas imaging runs and during the runs used for this analysis. From this procedure,
the integrated luminosity is measured to be 3.05± 0.12 pb−1.
The efficiency εtot is determined as the product of the reconstruction and selection
efficiencies, muon identification efficiency and trigger efficiency, and is calculated using
simulated samples in each (pT, y) bin, independently for prompt J/ψ and J/ψ -from-b. The
track reconstruction and the muon identification efficiency are corrected using data-driven
techniques, while the trigger efficiencies are also validated using data, as explained in
Sec. 5.
The yield of J/ψ signal events, both from prompt J/ψ and J/ψ -from-b, is determined
from a two-dimensional unbinned maximum likelihood fit to the invariant mass and
pseudo decay time of the candidates, performed independently for each (pT, y) bin. The
invariant mass distribution of the signal is described by the sum of two Crystal Ball (CB)
functions [55] with a common mean value and different widths. The parameters of the
power law tails, the relative fractions and the difference between the widths of the two
CB functions are fixed to values obtained from the simulation, leaving the mean and one
width of the CB function as free parameters. The combinatorial background is described
by an exponential distribution.
The fraction of J/ψ -from-b candidates, Fb, is determined from the fit to the tz distribu-
tion. The tz distribution of prompt J/ψ is described by a Dirac δ function at tz = 0, and
that of J/ψ -from-b by an exponential decay function, which are both convolved with a
double-Gaussian resolution function. A J/ψ candidate can also be associated to a wrong
PV, resulting in a long tail component in the tz distribution. The fraction of the tail is
below 0.5% of all events. Its shape is modelled from data by calculating tz with the J/ψ
candidate from a given event and the closest PV in the next event of the sample. The
background tz distribution is parametrised with an empirical function based on the ob-
served shape of the tz distribution in the J/ψ mass sidebands. The background comes from
muons of semileptonic b- and c-hadron decays and from pions and kaons decaying in-flight.
It is parametrised as the sum of a Dirac δ function and five exponential functions, three
for positive tz and two for negative tz. The function is convolved with a double-Gaussian
resolution function similar to that used for the signal, but with different parameters. All
parameters of the background tz distribution are fixed to values determined from the J/ψ
mass sidebands independently in each (pT, y) bin.
The total J/ψ signal yield determined from the fit is about one million events. An
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Figure 1: Invariant mass (left) and pseudo decay time (right) distributions for the kinematic bin
2 < pT < 3 GeV/c, 3.0 < y < 3.5, with fit results superimposed. The solid (red) line is the total
fit function, the shaded (green) area corresponds to the background component. The prompt
J/ψ contribution is shown in cross-hatched area (blue), J/ψ -from-b in a solid (black) line and
the tail contribution due to the association of J/ψ with the wrong PV is shown in full filled
(magenta) area. The tail contribution is not visible in the invariant mass plot.
example for one (pT, y) bin of the invariant mass and the pseudo decay time distributions
is shown in Fig. 1 with the one-dimensional projections of the fit result superimposed.
5 Systematic uncertainties
Systematic uncertainties, most of which apply to both prompt J/ψ and J/ψ -from-b mesons,
are summarised in Table 1 and described below.
The uncertainty related to the modelling of the signal mass shape is studied by
replacing the nominal model with a Hypatia function [56], which takes into account the
mass uncertainty distribution. The relative difference of the signal yield is about 1.0%,
which is taken as a fully correlated systematic uncertainty in each bin.
Due to the presence of bremsstrahlung in the J/ψ → µ+µ− decay, a fraction of J/ψ
events fall outside the mass window used in this analysis. The efficiency of the mass
window selection is determined from simulation, and based on a detailed comparison
between the radiative tails in simulation and data, a value of 1.0% of the yield is assigned
as the systematic uncertainty.
To calibrate the muon identification efficiency determined from simulation, the single-
track muon identification efficiency is measured with a J/ψ→ µ+µ− data sample using
a tag-and-probe method. In this method, the J/ψ candidates are reconstructed with
only one track identified as a muon (“tag”). The single muon identification efficiency
is measured as the probability of the other track (“probe”) to be identified as a muon,
in bins of momentum, pµ, and pseudorapidity, ηµ of the probe track. The single-track
muon identification efficiency obtained in data is weighted with the (pµ, ηµ) distribution
of the muons from J/ψ mesons in simulation. The resulting efficiency is divided by that
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determined directly from simulation, giving 1.050 ± 0.017, which is used to correct the
muon identification efficiency in each (pT, y) bin of the J/ψ meson. The uncertainty on
the correction factor, limited by the calibration sample size in data, is used to obtain
the systematic uncertainty. The choice of binning scheme in (pµ, ηµ) is another source of
systematic uncertainty and is evaluated by choosing alternative binning schemes. In total
the systematic uncertainty on the cross-sections due to the muon identification is 1.8%.
The tracking efficiency is studied with a data-driven tag-and-probe approach with J/ψ
decays using partially reconstructed tracks, where one muon track is fully reconstructed as
the tag track, and the probe track is reconstructed using only specific sub-detectors [57].
The simulated sample is weighted to agree in event multiplicity with the data sample. A
systematic uncertainty of the efficiency of 0.4% per muon track is assigned to account
for a different event multiplicity between data and simulation. The tracking efficiency is
determined to be the fraction of J/ψ→ µ+µ− decays where the probe track can be matched
to a fully reconstructed track. The ratio of the resulting tracking efficiency between data
and simulation is used to weight the simulation sample according to pseudorapidity and
momentum of muons to obtain an efficiency correction in each (pT, y) bin of the J/ψ meson.
In total the correction factor ranges from 0.94 to 1.04, depending on the J/ψ (pT, y) bin.
The uncertainty on the muon track efficiency correction factor is limited by the size of
the calibration data sample, and is propagated into the systematic uncertainty on the
cross-section measurements. In total, the systematic uncertainty on the cross-sections
related to the tracking efficiency is in the range of 1− 3%, depending on the J/ψ (pT, y)
bin.
The J/ψ vertex fit quality requirement leads to an uncertainty of 0.4% for the selection
Table 1: Relative systematic uncertainties (in %) on the J/ψ cross-section measurements. The
uncertainty from the tz fit only affects J/ψ -from-b mesons. Most of the uncertainties are fully
correlated between bins, with the exception of the pT, y spectrum dependence and the simulation
statistics, which are considered uncorrelated.
Source Systematic uncertainty (%)
Luminosity 3.9
Hardware trigger 0.1− 5.9
Software trigger 1.5
Muon ID 1.8
Tracking 1.1− 3.4
Radiative tail 1.0
J/ψ vertex fit 0.4
Signal mass shape 1.0
B(J/ψ → µ+µ−) 0.6
pT, y spectrum 0.1− 5.0
Simulation statistics 0.3− 5.0
tz fit (J/ψ -from-b only) 0.1
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efficiency, which is determined by comparing the distributions of the vertex fit quality
between data and simulation.
The trigger efficiency obtained from simulation is cross-checked using data-driven
methods using a fully reconstructed J/ψ sample. For the hardware trigger, a tag-and-
probe method is used to evaluate the single track muon trigger efficiency in bins of muon
transverse momentum, pTµ, and pseudorapidity, ηµ, for both simulation and data. In
this procedure, the J/ψ candidate is required to pass both steps of the software trigger.
The J/ψ trigger efficiency is calculated by weighting pTµ and ηµ of the muons with the
single-muon track trigger efficiency obtained from data and simulation, and their relative
difference is quoted as a systematic uncertainty. For most of the J/ψ (pT, y) bins, the
systematic effect on the cross-section is found to be below 1.0%, but in two bins an
uncertainty of 5.9% is found. The software trigger efficiency is determined using a subset
of events that would have triggered if the J/ψ signals were excluded [45]. The efficiency is
computed in each (pT, y) bin for data and simulation, and the relative difference between
data and simulation of about 1.5% is taken as a systematic uncertainty.
The possible discrepancy between the pT and y distributions of J/ψ mesons in data
and simulation for each bin is studied by reweighting the distribution in simulation to that
in data. The relative difference between the efficiency after reweighting and the nominal
efficiency is taken as a systematic uncertainty and found to be in the range 0.1%− 5%,
depending on the (pT, y) bin of the J/ψ meson, where the largest value corresponds to the
bins at the LHCb acceptance boundary.
The uncertainty associated with the luminosity determination is 3.9%, and the branch-
ing fraction uncertainty of the J/ψ → µ+µ− decay is 0.6%. The limited size of the
simulated sample in each bin leads to an uncertainty between 0.3% and 5%, which is less
than half of the data statistical uncertainty in each bin.
The detection efficiency is dependent on the polarisation of the J/ψ meson. Previous
measurements by CDF [36] in pp collisions at 1.96 TeV, ALICE [28], CMS [29] and
LHCb [30] in pp collisions at 7 TeV, showed that the prompt J/ψ polarisation in hadron
collisions is small. The LHCb experiment studied J/ψ polarisation in the helicity frame [58]
and measured the longitudinal polarisation parameter λθ [30] to be on average −0.145±
0.027 in the range 2 < pT < 14 GeV/c and 2.0 < y < 4.5. If the longitudinal polarisation
is assumed to be −20%, the measured J/ψ cross-section would decrease by values between
0.7% and 6.2% depending on the J/ψ (pT, y) bin, with an average value of 2.5%, which is
smaller than the total systematic uncertainty. The efficiency changes in different pT and
y bins obtained under this assumption are discussed in the appendix. Therefore, since
no polarisation measurement has yet been made for data collected at
√
s = 13 TeV, the
polarisation is assumed to be zero, and no corresponding systematic uncertainty is quoted
on the cross-section related to this effect.
There are sources of systematic uncertainties that are related to the tz fit, that affect
only J/ψ -from-b decays and are negligible for prompt J/ψ production. The modelling of
the tz resolution is studied by adding a third Gaussian to the nominal resolution model.
The variation in Fb is found to be negligible. Background modelling is tested using the
sPlot [59] method to extract the background tz distribution and the relative variation in
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Figure 2: Double differential cross-section for prompt J/ψ mesons as a function of pT in bins of
y. Statistical and systematic uncertainties are added in quadrature.
Fb is taken as a systematic uncertainty. The impact of the choice of tz parametrisation for
the long tail component is studied using an exponential function with equal magnitude
for positive and negative slopes and the relative difference of Fb is taken as a systematic
uncertainty. The total relative systematic uncertainty on the J/ψ -from-b cross-section
related to the tz fit is 0.1%.
6 Results
The measured double differential cross-sections for prompt J/ψ and J/ψ -from-b mesons,
assuming no polarisation, are shown in Figs. 2 and 3, and given in Tables 2 and 3. The
cross-sections for prompt J/ψ and J/ψ -from-b mesons in the acceptance pT < 14 GeV/c
and 2.0 < y < 4.5, integrated over all (pT, y) bins, are:
σ(prompt J/ψ , pT < 14 GeV/c, 2.0 < y < 4.5) = 15.30± 0.03± 0.86µb,
σ(J/ψ -from-b, pT < 14 GeV/c, 2.0 < y < 4.5) = 2.34± 0.01± 0.13µb,
where the first uncertainties are statistical and the second systematic.
6.1 Fraction of J/ψ -from-b mesons
The fractions of J/ψ -from-b mesons in different kinematic bins are given in Fig. 4 and
Table 6. The fraction increases as a function of pT, and tends to decrease with increasing
rapidity. These trends are consistent with the measurements at
√
s = 7 TeV and
√
s =
8
Table 2: Double differential production cross-section in nb/(GeV/c) for prompt J/ψ mesons in
bins of (pT, y). The first uncertainties are statistical, the second are the correlated systematic
uncertainties shared between bins and the last are the uncorrelated systematic uncertainties.
pT [GeV/c] 2.0 < y < 2.5 2.5 < y < 3.0 3.0 < y < 3.5
0−1 1059 ± 16 ± 46 ± 32 947 ± 9 ± 38 ± 8 861 ± 8 ± 39 ± 5
1−2 2079 ± 22 ± 89 ± 17 1878 ± 12 ± 75 ± 11 1683 ± 10 ± 77 ± 6
2−3 1863 ± 18 ± 78 ± 17 1659 ± 11 ± 66 ± 13 1431 ± 9 ± 63 ± 5
3−4 1218 ± 13 ± 51 ± 14 1062 ± 7 ± 43 ± 6 928 ± 6 ± 39 ± 3
4−5 755 ± 9 ± 31 ± 9 620 ± 5 ± 25 ± 4 527 ± 4 ± 22 ± 2
5−6 419 ± 6 ± 17 ± 5 351 ± 3 ± 14 ± 2 288 ± 3 ± 12 ± 1
6−7 236.7 ± 3.7 ± 9.6 ± 7.4 188.4 ± 2.2 ± 7.5 ± 1.3 157.8 ± 1.9 ± 6.4 ± 0.9
7−8 130.2 ± 2.5 ± 5.3 ± 3.8 104.0 ± 1.6 ± 4.2 ± 0.8 85.6 ± 1.4 ± 3.4 ± 0.6
8−9 76.0 ± 1.8 ± 3.1 ± 1.4 58.2 ± 1.2 ± 2.3 ± 0.6 48.3 ± 1.0 ± 1.9 ± 0.4
9−10 47.0 ± 1.3 ± 1.9 ± 1.1 36.0 ± 0.9 ± 1.4 ± 0.4 27.3 ± 0.7 ± 1.1 ± 0.3
10−11 28.7 ± 1.0 ± 1.1 ± 0.6 20.6 ± 0.7 ± 0.8 ± 0.4 16.9 ± 0.6 ± 0.7 ± 0.2
11−12 16.9 ± 0.8 ± 0.7 ± 0.5 12.7 ± 0.5 ± 0.5 ± 0.2 11.0 ± 0.5 ± 0.4 ± 0.2
12−13 11.5 ± 0.6 ± 0.5 ± 0.4 7.5 ± 0.4 ± 0.3 ± 0.2 6.6 ± 0.4 ± 0.3 ± 0.1
13−14 7.2 ± 0.5 ± 0.3 ± 0.3 5.5 ± 0.3 ± 0.2 ± 0.1 3.9 ± 0.3 ± 0.2 ± 0.1
3.5 < y < 4.0 4.0 < y < 4.5
0−1 807 ± 7 ± 45 ± 5 724 ± 8 ± 48 ± 9
1−2 1503 ± 9 ± 87 ± 6 1333 ± 11 ± 95 ± 17
2−3 1239 ± 8 ± 69 ± 5 1010 ± 10 ± 73 ± 14
3−4 772 ± 6 ± 40 ± 3 624 ± 8 ± 42 ± 11
4−5 429 ± 4 ± 20 ± 2 322 ± 5 ± 19 ± 7
5−6 237 ± 3 ± 11 ± 1 169 ± 3 ± 9 ± 3
6−7 119.6 ± 1.7 ± 5.2 ± 0.8 87.3 ± 2.1 ± 4.5 ± 1.0
7−8 64.6 ± 1.2 ± 2.8 ± 0.5 44.8 ± 1.4 ± 2.2 ± 1.3
8−9 36.3 ± 0.9 ± 1.5 ± 0.3 24.4 ± 1.0 ± 1.2 ± 1.0
9−10 20.1 ± 0.7 ± 0.8 ± 0.2 13.1 ± 0.7 ± 0.6 ± 0.4
10−11 11.6 ± 0.5 ± 0.5 ± 0.2 7.4 ± 0.5 ± 0.3 ± 0.4
11−12 6.8 ± 0.4 ± 0.3 ± 0.1 4.4 ± 0.4 ± 0.2 ± 0.2
12−13 4.4 ± 0.3 ± 0.2 ± 0.1 2.7 ± 0.2 ± 0.1 ± 0.1
13−14 2.5 ± 0.2 ± 0.1 ± 0.1 2.1 ± 0.2 ± 0.1 ± 0.1
9
Table 3: Double differential production cross-section in nb/(GeV/c) for J/ψ -from-b mesons in
bins of (pT, y). The first uncertainties are statistical, the second are the correlated systematic
uncertainties shared between bins and the last are the uncorrelated systematic uncertainties.
pT [GeV/c] 2.0 < y < 2.5 2.5 < y < 3.0 3.0 < y < 3.5
0−1 113.2 ± 5.4 ± 6.7 ± 3.7 102.3 ± 2.9 ± 5.3 ± 1.1 92.7 ± 2.6 ± 5.0 ± 0.8
1−2 276.3 ± 6.9 ± 15.5 ± 3.4 243.6 ± 3.9 ± 12.4 ± 2.0 209.3 ± 3.3 ± 11.4 ± 1.3
2−3 300.6 ± 6.4 ± 16.2 ± 4.1 249.4 ± 3.6 ± 12.6 ± 2.5 204.5 ± 3.0 ± 10.9 ± 1.3
3−4 238.6 ± 5.3 ± 12.6 ± 4.0 186.8 ± 2.9 ± 9.4 ± 1.7 152.4 ± 2.4 ± 7.8 ± 1.1
4−5 159.9 ± 3.8 ± 8.3 ± 2.9 126.3 ± 2.1 ± 6.3 ± 1.3 97.2 ± 1.7 ± 4.9 ± 0.8
5−6 103.3 ± 2.8 ± 5.3 ± 1.9 78.5 ± 1.5 ± 3.9 ± 0.9 59.2 ± 1.3 ± 3.0 ± 0.6
6−7 67.9 ± 2.0 ± 3.4 ± 2.4 52.1 ± 1.2 ± 2.6 ± 0.7 38.0 ± 1.0 ± 1.9 ± 0.4
7−8 42.9 ± 1.5 ± 2.2 ± 1.5 31.2 ± 0.9 ± 1.6 ± 0.5 24.3 ± 0.8 ± 1.2 ± 0.3
8−9 25.3 ± 1.1 ± 1.3 ± 0.7 21.9 ± 0.7 ± 1.1 ± 0.4 15.2 ± 0.6 ± 0.8 ± 0.3
9−10 18.9 ± 0.9 ± 0.9 ± 0.7 12.8 ± 0.5 ± 0.6 ± 0.3 10.3 ± 0.5 ± 0.5 ± 0.2
10−11 14.2 ± 0.8 ± 0.7 ± 0.5 9.1 ± 0.5 ± 0.5 ± 0.2 6.7 ± 0.4 ± 0.3 ± 0.2
11−12 9.0 ± 0.6 ± 0.4 ± 0.4 6.8 ± 0.4 ± 0.3 ± 0.2 4.3 ± 0.3 ± 0.2 ± 0.1
12−13 6.5 ± 0.5 ± 0.3 ± 0.3 4.5 ± 0.3 ± 0.2 ± 0.2 3.3 ± 0.3 ± 0.2 ± 0.1
13−14 4.9 ± 0.4 ± 0.2 ± 0.3 3.6 ± 0.3 ± 0.2 ± 0.1 2.4 ± 0.2 ± 0.1 ± 0.1
3.5− 4.0 4.0− 4.5
0−1 83.4 ± 2.7 ± 5.3 ± 0.8 64.9 ± 3.8 ± 4.7 ± 1.1
1−2 174.0 ± 3.3 ± 11.3 ± 1.2 129.5 ± 4.3 ± 10.0 ± 2.0
2−3 168.5 ± 2.9 ± 10.6 ± 1.3 121.2 ± 3.7 ± 9.4 ± 2.1
3−4 117.0 ± 2.2 ± 6.9 ± 1.0 84.7 ± 2.9 ± 6.2 ± 1.8
4−5 76.7 ± 1.6 ± 4.3 ± 0.7 50.5 ± 2.0 ± 3.3 ± 1.3
5−6 44.2 ± 1.2 ± 2.4 ± 0.5 27.9 ± 1.3 ± 1.7 ± 0.7
6−7 26.7 ± 0.9 ± 1.4 ± 0.4 17.2 ± 1.0 ± 1.0 ± 0.4
7−8 17.4 ± 0.7 ± 0.9 ± 0.3 10.2 ± 0.7 ± 0.6 ± 0.4
8−9 9.2 ± 0.5 ± 0.5 ± 0.2 6.1 ± 0.5 ± 0.3 ± 0.3
9−10 7.8 ± 0.4 ± 0.4 ± 0.2 4.2 ± 0.4 ± 0.2 ± 0.2
10−11 4.7 ± 0.3 ± 0.2 ± 0.1 3.1 ± 0.3 ± 0.2 ± 0.2
11−12 2.7 ± 0.3 ± 0.1 ± 0.1 2.5 ± 0.3 ± 0.1 ± 0.1
12−13 1.8 ± 0.2 ± 0.1 ± 0.1 0.9 ± 0.2 ± 0.1 ± 0.1
13−14 1.5 ± 0.2 ± 0.1 ± 0.1 0.6 ± 0.1 ± 0.0 ± 0.1
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Figure 3: Double differential cross-section for J/ψ -from-b mesons as a function of pT in bins of y.
Statistical and systematic uncertainties are added in quadrature.
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Figure 4: Fractions of J/ψ -from-b mesons in bins of J/ψ pT and y. Statistical and systematic
uncertainties are added in quadrature.
8 TeV [13,18]. A measurement of the non-prompt J/ψ production fraction at
√
s =13 TeV
has also been performed by the ATLAS collaboration [60].
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6.2 Extrapolation to the total bb cross-section
The total bb production cross-section is calculated using:
σ(pp→ bbX) = α4piσ (J/ψ -from-b, pT < 14 GeV/c, 2.0 < y < 4.5)2B (b→ J/ψX) , (3)
where α4pi is the extrapolation factor to the full kinematic region and B(b → J/ψX) =
1.16± 0.10% [43] is the inclusive b→ J/ψX branching fraction. Using the LHCb tuning of
Pythia 6 [46], α4pi is found to be 5.2. The extrapolation predictions given by Pythia 8 and
FONLL [27] are α4pi = 5.1 and α4pi = 5.0 respectively at
√
s = 13 TeV. Their predictions at√
s = 7 TeV are compatible with the estimate using LHC J/ψ cross-section measurements
in different rapidity ranges [17, 30]. Using the extrapolation factor from Pythia 6, the
total bb production cross-section is found to be σ(pp → bbX) = 515± 2± 53µb, where
the first uncertainty is statistical and the second systematic. No uncertainty on α4pi is
included in this estimate.
6.3 Comparison with lower energy results
The J/ψ cross-sections measured at
√
s = 13 TeV are compared to previous LHCb
measurements [12, 18, 30]. In all previous LHCb measurements of the J/ψ production
cross-section, the branching fraction from Ref. [61], B(J/ψ → µ+µ−) = (5.94 ± 0.06)%,
was used. When the measurements at 13 TeV are compared with those at lower en-
ergy, the previous results are updated with the improved branching fraction value,
B(J/ψ → µ+µ−) = (5.961 ± 0.033)% [43]. The corresponding systematic uncertainty
is totally correlated among the measurements. The differential cross-section as a function
of pT integrated over y is shown in Fig. 5, including all uncertainties, compared to measure-
ments with pp collisions at
√
s = 8 TeV, for prompt J/ψ and J/ψ -from-b mesons. In Fig. 6,
the differential cross-section as a function of y integrated over pT is shown, compared
to measurements with pp collisions at
√
s = 8 TeV. Tables 7 and 8 show the differential
cross-sections integrated over y and pT for prompt J/ψ and J/ψ -from-b mesons.
In Fig. 7, the ratios R13/8 of the double differential cross-sections in pp collisions
at
√
s = 13 TeV and at
√
s = 8 TeV are given for prompt J/ψ and J/ψ -from-b mesons,
taking into account the correlations of various systematic uncertainties. The ratios of the
cross-sections in bins of y integrated over pT are shown in Fig. 8, while those in bins of pT
integrated over y are in Fig. 9. The cross-section ratios are summarised in Table 9 and 10
for prompt J/ψ and J/ψ -from-b respectively.
In the cross-section ratios, many of the systematic uncertainties cancel because of cor-
relations between the two measurements. The uncertainty of the luminosity determination,
which is the dominating systematic uncertainty, is determined to be 50% correlated [54],
yielding a total uncertainty in the ratio of 4.6%. The uncertainties due to the signal mass
shape, vertex fit quality requirement, radiative tail, muon identification, tracking efficiency,
J/ψ → µ+µ− branching fraction and trigger are also totally or partially correlated. The
remaining systematic uncertainties of the cross-section ratio are summarised in Table 4.
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Figure 5: Differential cross-sections as a function of pT integrated over y for (left) prompt J/ψ
and (right) J/ψ -from-b mesons.
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In Fig. 10 the total cross-section in the fiducial region pT < 14 GeV/c and 2.0 < y < 4.5,
as a function of pp centre-of-mass energy, is shown for prompt J/ψ and J/ψ -from-b mesons.
The larger cross-section for J/ψ meson production at
√
s = 13 TeV compared to
√
s = 8 TeV
is mostly due to the increased pp collision energy, but is also partly due to the increased
boost of the produced b-hadron into the fiducial region. In Table 5, the cross-sections of
prompt J/ψ and J/ψ -from-b mesons integrated over the kinematic range 2.0 < y < 4.5,
pT < 14 GeV/c (pT < 12 GeV/c for the analysis in pp at
√
s = 2.76 TeV) are given for pp
collisions in different centre-of-mass energies. The cross-section values for pp collisions
at
√
s = 2.76 TeV,
√
s = 7 TeV and
√
s = 8 TeV are taken from Refs. [12, 30] and [18].
The uncertainties are split into parts that are correlated and uncorrelated between the
measurements at different pp centre-of-mass energies.
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Figure 7: Ratios of differential cross-sections between measurements at
√
s = 13 TeV and√
s = 8 TeV as a function of pT in bins of y for (left) prompt J/ψ mesons and (right) J/ψ -from-b
mesons.
6.4 Comparison with theoretical models
The measured J/ψ cross-sections are compared to the calculations of NRQCD and FONLL
for prompt J/ψ and for J/ψ -from-b. Figure 11 (left) shows the comparison between the
NRQCD calculation [63] and the measured prompt J/ψ cross-section as a function of
transverse momentum, integrated over y in the range 2.0 < y < 4.5. In the NRQCD
Table 4: Relative systematic uncertainty (in %) on the ratio of the cross-section in pp collisions
at
√
s = 13 TeV relative to that at
√
s = 8 TeV. The systematic uncertainty from tz fits only
affects J/ψ -from-b.
Source Systematic uncertainty (%)
Luminosity 4.6
Trigger 1.5
Muon ID 2.2
Tracking 1.0
Signal mass shape 2.0
pT, y spectrum, simulation statistics (tz fits) 1.0− 8.0
Table 5: Production cross-sections of prompt J/ψ and J/ψ -from-b mesons, integrated over the
LHCb fiducial region, in pp collisions at various centre-of-mass energies [12, 18, 30]. The first
uncertainty is the uncorrelated component, and the second the correlated one.
σtot (µb)
√
s = 2.76 TeV
√
s = 7 TeV
√
s = 8 TeV
√
s = 13 TeV
Prompt J/ψ 5.2± 0.3± 0.3 9.4± 0.5+0.7−1.0 10.9± 0.5± 0.6 15.3± 0.6± 0.6
J/ψ -from-b 0.39± 0.04± 0.04 1.07± 0.05± 0.06 1.27± 0.06± 0.09 2.34± 0.09± 0.09
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Figure 9: Ratios of differential cross-sections between measurements at
√
s = 13 TeV and√
s = 8 TeV as a function of pT integrated over y for (left) prompt J/ψ mesons and (right)
J/ψ -from-b mesons. Calculations of NRQCD [63] and FONLL [62] are compared to prompt J/ψ
mesons and J/ψ -from-b mesons, respectively.
calculation, only uncertainties associated with LDME are considered since these are the
dominating uncertainties for the absolute production cross-section prediction. The FONLL
calculation [27] is compared to the measurements of the J/ψ -from-b cross-section as a
function of transverse momentum integrated over y in the range 2.0 < y < 4.5 in Fig. 11
(right). The FONLL calculation includes the uncertainties due to the b-quark mass and
the renormalisation and factorisation scales for the prediction of the absolute production
cross-section. Good agreement is found between the measurements and the theoretical
calculations.
Fig. 8 (right) shows the ratio of the cross-sections as a function of y integrated over pT
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Figure 10: The J/ψ production cross-section for (left) prompt J/ψ and (right) J/ψ -from-b
mesons as a function of pp collision energy in the LHCb fiducial region compared to the FONLL
calculation [27]. In general, the correlated and uncorrelated systematic uncertainties among
different measurements are of comparable magnitude.
in the range pT < 14 GeV/c is compared with the FONLL calculation based on Ref. [62]
for J/ψ -from-b. The ratio of the cross-sections as a function of pT integrated over y in the
range 2.0 < y < 4.5 is compared with the NRQCD calculation [63] for prompt J/ψ mesons,
and with predictions by FONLL based on Ref. [62] for J/ψ -from-b, shown in Fig. 9. The
uncertainty of the NRQCD prediction, considering only that from LDME, almost cancels
in the cross-section ratio between the 13 TeV and 8 TeV measurements, so no uncertainty
is given for the calculations in Fig. 9 (left). Besides those due to the b-quark mass and the
scales, the FONLL calculation for the cross-section ratio also takes into account the gluon
PDF uncertainty. The NRQCD prediction agrees reasonably well with the experimental
data for the prompt J/ψ production cross-section ratio, while the FONLL prediction is
below the J/ψ -from-b meson measurements.
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Figure 11: Differential cross-sections as a function of pT integrated over y in the range 2.0 <
y < 4.5, (left) compared with the NRQCD calculation [63] for prompt J/ψ and (right) compared
with the FONLL calculation [27] for J/ψ -from-b mesons.
Table 6: The fraction of J/ψ -from-b mesons (in %) in bins of the J/ψ transverse momentum and
rapidity. The uncertainties are statistical only. The systematic uncertainties are negligible.
pT[GeV/c] 2.0 < y < 2.5 2.5 < y < 3.0 3.0 < y < 3.5 3.5 < y < 4.0 4.0 < y < 4.5
0− 1 9.6± 0.4 9.6± 0.3 9.6± 0.3 9.0± 0.3 7.9± 0.5
1− 2 11.7± 0.3 11.5± 0.2 11.0± 0.2 10.3± 0.2 8.8± 0.3
2− 3 13.9± 0.3 13.1± 0.2 12.5± 0.2 12.0± 0.2 10.7± 0.3
3− 4 16.4± 0.3 15.0± 0.2 14.1± 0.2 13.1± 0.2 11.9± 0.4
4− 5 17.5± 0.4 16.9± 0.3 15.6± 0.3 15.1± 0.3 13.5± 0.5
5− 6 19.8± 0.5 18.3± 0.3 17.0± 0.3 15.7± 0.4 14.2± 0.6
6− 7 22.2± 0.6 21.6± 0.5 19.4± 0.5 18.3± 0.5 16.3± 0.9
7− 8 24.8± 0.8 23.1± 0.6 22.1± 0.6 21.2± 0.7 18.5± 1.2
8− 9 25.0± 0.9 27.3± 0.8 23.9± 0.8 20.2± 0.9 19.8± 1.6
9− 10 28.7± 1.2 26.1± 1.0 27.3± 1.1 27.9± 1.3 23.9± 2.2
10− 11 33.1± 1.5 30.6± 1.3 28.3± 1.4 28.5± 1.8 29.7± 2.8
11− 12 34.6± 1.9 34.7± 1.6 27.9± 1.8 28.4± 2.2 36.1± 3.4
12− 13 35.8± 2.3 37.4± 2.1 33.4± 2.2 29.1± 2.6 24.3± 4.3
13− 14 40.4± 2.6 39.2± 2.4 38.1± 3.0 37.3± 3.7 21.7± 4.3
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Table 7: Differential cross-sections dσ/dpT (in nb/(GeV/c)) for prompt J/ψ and J/ψ -from-b
mesons, integrated over y. The first uncertainties are statistical and the second (third) are
uncorrelated (correlated) systematic uncertainties amongst bins.
pT [GeV/c] Prompt J/ψ J/ψ -from-b
0−1 2198 ± 11 ± 17 ± 127 228.3 ± 4.1 ± 1.8 ± 13.1
1−2 4237 ± 15 ± 13 ± 245 516.4 ± 5.1 ± 1.7 ± 29.5
2−3 3600 ± 12 ± 13 ± 202 522.1 ± 4.6 ± 2.0 ± 29.1
3−4 2301 ± 9 ± 99 ± 125 389.7 ± 3.7 ± 1.7 ± 21.0
4−5 1326 ± 6 ± 96 ± 69 255.2 ± 2.7 ± 1.3 ± 13.4
5−6 731.8 ± 4.0 ± 3.1 ± 37.9 156.6 ± 1.9 ± 0.7 ± 8.1
6−7 394.9 ± 2.7 ± 3.8 ± 20.3 101.0 ± 1.4 ± 1.1 ± 5.2
7−8 214.6 ± 1.9 ± 2.1 ± 10.9 63.0 ± 1.1 ± 0.7 ± 3.2
8−9 121.6 ± 1.4 ± 0.9 ± 6.2 38.9 ± 0.8 ± 0.3 ± 2.0
9−10 71.8 ± 1.0 ± 0.7 ± 3.6 27.0 ± 0.7 ± 0.3 ± 1.4
10−11 42.6 ± 0.8 ± 0.4 ± 2.2 18.9 ± 0.6 ± 0.2 ± 1.0
11−12 25.9 ± 0.6 ± 0.3 ± 1.3 12.6 ± 0.4 ± 0.1 ± 0.6
12−13 16.4 ± 0.5 ± 0.2 ± 0.8 8.6 ± 0.3 ± 0.1 ± 0.4
13−14 10.6 ± 0.4 ± 0.2 ± 0.5 6.5 ± 0.3 ± 0.1 ± 0.3
Table 8: Differential cross-sections dσ/dy (in µb) for prompt J/ψ and J/ψ -from-b mesons, inte-
grated over pT. The first uncertainties are statistical and the second (third) are the uncorrelated
(correlated) systematic uncertainties.
y Prompt J/ψ J/ψ -from-b
2.0− 2.5 7.947± 0.036± 0.044± 0.430 1.381± 0.013± 0.006± 0.073
2.5− 3.0 6.949± 0.020± 0.020± 0.351 1.128± 0.007± 0.003± 0.056
3.0− 3.5 6.074± 0.017± 0.010± 0.320 0.919± 0.006± 0.001± 0.048
3.5− 4.0 5.251± 0.016± 0.009± 0.322 0.735± 0.006± 0.001± 0.044
4.0− 4.5 4.367± 0.019± 0.027± 0.321 0.523± 0.007± 0.003± 0.037
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Table 9: The ratio of cross-sections between measurements at 13 TeV and 8 TeV in different
bins of pT and y for prompt J/ψ mesons. The systematic errors are negligible.
pT [GeV/c] 2.0 < y < 2.5 2.5 < y < 3.0 3.0 < y < 3.5 3.5 < y < 4.0 4.0 < y < 4.5 2.0 < y < 4.5
0− 1 1.46± 0.12 1.23± 0.08 1.19± 0.07 1.21± 0.07 1.25± 0.08 1.27± 0.08
1− 2 1.43± 0.09 1.28± 0.08 1.24± 0.07 1.24± 0.08 1.33± 0.08 1.31± 0.08
2− 3 1.51± 0.10 1.39± 0.09 1.33± 0.08 1.34± 0.08 1.35± 0.08 1.39± 0.08
3− 4 1.61± 0.11 1.44± 0.09 1.43± 0.08 1.43± 0.08 1.50± 0.09 1.49± 0.09
4− 5 1.75± 0.14 1.52± 0.09 1.47± 0.09 1.51± 0.09 1.58± 0.10 1.58± 0.09
5− 6 1.81± 0.11 1.62± 0.10 1.58± 0.10 1.62± 0.10 1.76± 0.12 1.68± 0.10
6− 7 1.88± 0.13 1.63± 0.11 1.63± 0.10 1.63± 0.10 1.81± 0.13 1.72± 0.10
7− 8 1.92± 0.14 1.65± 0.11 1.68± 0.11 1.73± 0.12 1.88± 0.15 1.77± 0.11
8− 9 1.94± 0.16 1.68± 0.11 1.77± 0.13 1.82± 0.13 2.07± 0.19 1.83± 0.11
9− 10 2.14± 0.17 1.85± 0.13 1.82± 0.15 1.83± 0.15 1.98± 0.20 1.94± 0.12
10− 11 2.11± 0.18 1.78± 0.14 1.91± 0.15 1.86± 0.17 2.19± 0.28 1.95± 0.13
11− 12 2.11± 0.19 1.75± 0.16 2.20± 0.18 1.77± 0.18 2.16± 0.30 1.98± 0.13
12− 13 2.19± 0.22 1.75± 0.16 2.02± 0.20 2.00± 0.22 2.59± 0.39 2.04± 0.14
13− 14 2.20± 0.28 1.89± 0.20 1.85± 0.22 1.66± 0.22 4.65± 0.93 2.07± 0.16
0− 14 1.55± 0.09 1.38± 0.08 1.33± 0.08 1.34± 0.08 1.39± 0.08 —
Table 10: The ratio of cross-sections between measurements at 13 TeV and 8 TeV in different
bins of pT and y for J/ψ -from-b mesons. The systematic errors are negligible.
pT [(GeV/c] 2.0 < y < 2.5 2.5 < y < 3.0 3.0 < y < 3.5 3.5 < y < 4.0 4.0 < y < 4.5 2.0 < y < 4.5
0− 1 1.58± 0.25 1.43± 0.16 1.51± 0.19 1.80± 0.13 2.23± 0.23 1.63± 0.13
1− 2 1.69± 0.12 1.55± 0.10 1.55± 0.10 1.74± 0.13 1.92± 0.16 1.66± 0.10
2− 3 1.85± 0.13 1.65± 0.11 1.69± 0.11 1.86± 0.12 2.08± 0.15 1.79± 0.11
3− 4 2.04± 0.15 1.75± 0.11 1.76± 0.11 1.87± 0.12 2.29± 0.17 1.90± 0.11
4− 5 2.14± 0.18 1.86± 0.12 1.82± 0.12 2.03± 0.13 2.40± 0.20 2.00± 0.12
5− 6 2.24± 0.16 1.88± 0.13 1.89± 0.13 2.15± 0.15 2.32± 0.21 2.06± 0.13
6− 7 2.35± 0.18 2.05± 0.15 2.08± 0.14 2.22± 0.16 2.70± 0.26 2.22± 0.14
7− 8 2.32± 0.19 2.04± 0.15 2.17± 0.16 2.40± 0.19 2.77± 0.31 2.25± 0.14
8− 9 2.23± 0.21 2.15± 0.17 2.22± 0.19 2.21± 0.20 2.70± 0.36 2.23± 0.15
9− 10 2.44± 0.22 2.05± 0.17 2.27± 0.21 3.07± 0.32 3.83± 0.71 2.44± 0.17
10− 11 2.73± 0.27 2.19± 0.20 2.38± 0.23 3.29± 0.41 4.37± 0.79 2.64± 0.19
11− 12 2.60± 0.28 2.40± 0.26 2.48± 0.28 2.48± 0.35 6.77± 1.47 2.67± 0.20
12− 13 2.51± 0.31 2.10± 0.23 2.47± 0.31 2.51± 0.39 3.19± 0.78 2.40± 0.19
13− 14 2.81± 0.39 2.58± 0.32 2.85± 0.43 3.50± 0.65 3.62± 1.11 2.84± 0.25
0− 14 1.93± 0.12 1.70± 0.10 1.71± 0.10 1.90± 0.11 2.18± 0.14 —
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7 Conclusions
The differential J/ψ production cross-section in pp collisions at
√
s = 13 TeV is measured
as a function of the J/ψ transverse momentum and rapidity in the range of pT < 14 GeV
and 2.0 < y < 4.5. The analysis is based on a data sample corresponding to an integrated
luminosity of 3.05 ± 0.12 pb−1, collected with the LHCb detector in July 2015. The
production cross-sections of prompt J/ψ and J/ψ -from-b mesons are measured separately.
The ratios of the J/ψ cross-sections in pp collisions at a centre-of-mass energy of 13 TeV
relative to those at 8 TeV are also determined.
The pT distribution of J/ψ mesons produced in
√
s = 13 TeV pp collisions is harder
than at
√
s = 8 TeV. The measured prompt J/ψ meson production cross-section as a
function of transverse momentum is in good agreement with theoretical calculations in the
NRQCD framework. Theoretical predictions based on FONLL calculations describe well
the measured cross-section for J/ψ -from-b mesons and its dependence on the centre-of-mass
energy of pp collisions, though the prediction lies below the ratio between the cross-section
measurements at
√
s = 13 TeV and
√
s = 8 TeV.
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Appendix
Change of efficiency with respect to polarization
The detection efficiency is affected by the polarisation, especially by the polarisation
parameter λθ. Zero polarisation is assumed in these simulations since there is no prior
knowledge of the polarisation of J/ψ mesons in pp collisions at 13 TeV, and only small
polarisations have been found in all LHC quarkonia polarisation analyses [28–30, 36].
In Table 11, the increase of the total efficiency is given in bins of (pT, y) of the J/ψ
meson for a polarisation of λθ = −20%, compared to zero polarisation. This information
facilitates the extrapolation of the cross-sections measured assuming zero polarisation
to other polarisation values. The relative change in efficiency is linear, to 5% accuracy,
between polarisation values of zero and 20%.
Table 11: The relative increase of the total efficiency (in %), for a −20% polarisation rather than
zero, in different bins of pT and y.
pT [GeV/c] 2.0 < y < 2.5 2.5 < y < 3.0 3.0 < y < 3.5 3.5 < y < 4.0 4.0 < y < 4.5
0− 1 6.24± 0.35 4.89± 0.10 3.45± 0.11 3.31± 0.09 4.66± 0.17
1− 2 5.58± 0.18 4.30± 0.07 2.94± 0.06 2.55± 0.03 2.82± 0.12
2− 3 4.88± 0.14 3.47± 0.06 1.97± 0.04 1.52± 0.06 1.65± 0.13
3− 4 4.77± 0.14 3.39± 0.06 1.94± 0.04 1.17± 0.07 1.13± 0.15
4− 5 4.68± 0.14 3.34± 0.08 1.97± 0.04 1.20± 0.07 0.73± 0.14
5− 6 4.43± 0.12 3.28± 0.10 2.03± 0.06 1.42± 0.06 0.75± 0.14
6− 7 4.21± 0.09 3.03± 0.12 2.05± 0.08 1.57± 0.04 0.77± 0.14
7− 8 3.88± 0.04 2.81± 0.15 1.98± 0.10 1.69± 0.05 0.74± 0.14
8− 9 3.59± 0.15 2.65± 0.20 1.81± 0.11 1.65± 0.11 1.01± 0.13
9− 10 3.53± 0.18 2.44± 0.24 1.81± 0.15 1.68± 0.16 1.17± 0.14
10− 11 3.39± 0.27 2.30± 0.26 1.88± 0.22 1.73± 0.26 1.26± 0.14
11− 12 3.09± 0.32 2.18± 0.38 1.47± 0.18 1.65± 0.27 1.35± 0.43
12− 13 3.25± 0.45 1.65± 0.32 1.93± 0.36 1.49± 0.26 1.48± 0.21
13− 14 2.72± 0.58 1.68± 0.32 1.71± 0.38 1.17± 0.27 1.36± 0.51
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